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Abstract 
This thesis outlines three advanced manufacturing techniques used to print materials and 
manufacture devices in novel ways. First, E-jet printing is used to manufacture chemical gradients 
in a hydrogel. A chemical gradient acts like a sort of chemically specific attractor that collects 
analyte in a specified regions. Although these devices have been made using a pipette before, E-
jet manufactured devices were made smaller and with a ~10x improved analyte collection capacity. 
Furthermore, controlled patterning of these wells on a hydrogel surface was demonstrated, which 
could not be achieved before. Lastly, the technique was used to demonstrate a well’s capacity to 
collect organophosphates, toxic compounds found in pesticides and chemical weapons, which can 
be used to decrease the detection limit for these harmful chemicals. Secondly, attempts to print 
low melting point metal eutectics using an E-jet printer are described. Unsuccessful techniques are 
described so that they may be avoided in the future. A system to print metal eutectics by E-jet is 
devised and outlined so that future researchers can expediate the process of printing metal 
eutectics. Thirdly, a slot die printing technique to manufacture crystallized polymer films is 
described. The slot die printing head is of a novel design, using microstructures etched into the 
head to induce specific flows that cause polymers to crystallize. Two systems are either built or 
adapted for this printing technique. The first is a batch process system. The system is used to iterate 
quickly through different processing parameters to find those that are most successful at inducing 
crystallization. Crossed Polarizing Optical Microscopy (CPOM) is used to demonstrate that the 
process does indeed induce polymer crystallization. The second system is a roll-to-roll system, 
adapted from an existing system, meant to make the process continuous and allow for film 
patterning. The ability to print in a variety of regimes in a continuous fashion is demonstrated, but 
some mechanical and control design must still be implemented to improve the webbing motion.  
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Chapter 1     
Introduction 
1.1 Motivation 
Effective and state-of-the-art manufacturing, particularly at the nano- and micro- scale 
levels, is critical to scientific innovation, economic growth, and national defense. Incredible 
advances in single crystal silicon manufacturing and photolithography enabled the computer age; 
marked by powerful smart phones, a web-connected globe, and IoT devices. This has not only 
improved the quality of life for most citizens of the world, but has accelerated scientific progress 
by making computation orders of magnitude faster to complete. This established an avenue for 
immediate and easy dissemination of knowledge, and created a framework to collect and manage 
terabytes of data. 
Manufacturing advances in recent years have improved device performance, made devices 
smaller, and increased their efficiency. OLED displays can produce pure black (by turning pixels 
completely off), improving picture quality and contrast [1]. Flexible electronic devices, such as 
tattoo biosensors, are being developed using advanced manufacturing techniques which reduce 
complex medical devices to the size of a sticker [2]. Solar cell efficiency is being improved by 
manufacturing techniques which take more care in manipulating the cell’s crystalline structure [3]. 
Improving people’s quality of life and productivity is not the only reason manufacturing is 
important, however. A strong manufacturing sector is critical to a healthy economy and secure 
national defense. When Samuel Slater brought British textile manufacturing technology to 
America, he was credited as starting the American Industrial Revolution [4], revolutionizing the 
American economy. U.S. manufacturing still accounts for just over 20% of all employment in 
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America [5] and is responsible for some 20% of the entire world’s manufacturing output, making 
it the largest manufacturer in the world [6].  
American wartime manufacturing output during WWII is widely acknowledged as a key 
factor in the Allied Forces win [7]. As defense technology advances, the capacity to manufacture 
it on sovereign land remains critical to ensure tactical dominance. The U.S. would be crippled if it 
went to war against a country that also manufactured its defense equipment. It is clear that a strong 
manufacturing sector, marked by continuous improvements in manufacturing techniques, is 
critical to a stable and secure American economy and military. This thesis focuses on advanced 
manufacturing techniques and novel applications for them. 
1.2 Manufacturing Techniques 
A variety of manufacturing techniques were used for the work outlined in this thesis. The 
following subsections give a short technical overview of each of the manufacturing techniques. 
Each of the manufacturing techniques are additive, which is beneficial because no raw materials 
are wasted using these printing techniques. 
1.2.1 Electrohydrodynamic Jet Printing 
Electrohydrodynamic jet printing (E-jet printing) is an additive manufacturing technique 
that uses electric fields to induce flow from micro capillary nozzles in order to pattern functional 
inks with feature sizes and resolutions in the micro/nano-scale range [8]. An E-jet printer works 
because an applied voltage causes charge to build up in the functional ink that is being printed. As 
the charge builds up, repulsive forces cause the ink to draw itself into a cone at the nozzle tip, 
called a Taylor cone, shown in Figure 1.1. When enough charge is accumulated, the electrostatic 
stress overcomes capillary tension and a droplet is ejected. However, since the ink was first drawn 
into a cone, droplets print at feature sizes much smaller than those produced by an inkjet printer 
with the same nozzle inner diameter [8].  
Three controllable factors affect the printed dot size: applied backpressure, applied voltage, 
and standoff height. Figure 1.2 illustrates the basic components needed for an E-jet printer. 
Although an applied voltage is the force that drives the printing action, an applied backpressure is 
required to offset the capillary effect of the printing nozzle. Typically, these nozzles are capillary 
glass tubes with very small inner diameters that are sputter coated with gold-palladium. The greater 
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the backpressure, the larger the printed dot will be, but care should be taken to ensure that no ink 
jets from backpressure alone.  
 
  
Figure 1.1 Ink drawn into a Taylor Cone. This image was taken from [8].  
 
Figure 1.2 Electrohydrodynamic jet printer schematic.  
The applied voltage is between the printing nozzle and the substrate being printed on. 
Depending on the voltage applied, ink may print in a variety of regimes. With a high enough and 
constant voltage, the ink will jet out of the nozzle in a continuous stream. For lower voltages, the 
ink will jet in droplets as charge accumulates in the ink, drives a printing event, and the process 
repeats [8]. Other work has also demonstrated that greater control can be achieved by using a 
pulsed voltage technique [9]. A low constant voltage, which is not great enough to drive a printing 
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event, is applied to hold the ink meniscus in the Taylor cone. A high voltage pulse is delivered 
whenever it is desired to print a droplet. The high voltage pulse is like the hair on the camel’s back, 
which forces a quick and highly temporally controllable printed dot. 
The standoff height has a less straightforward effect on the printing size. The physics 
behind E-jet droplets is very complicated and the relationship between the different printing 
parameters is highly non-linear and complex [10]. In addition, there are several less controllable 
factors which affect printing, including ink viscosity, the degree of ionization of the ink, nozzle 
inner diameter, and humidity [10]. For these reasons, a process of trial and error is typically applied 
to find successful printing parameters rather than a first principles model. Starting at values that 
have been successful in the past, printing parameters are tweaked to either (1) adapt to a new ink 
or (2) change the feature size generated for an old ink. 
1.2.2 Slot Die Printing 
Slot die printing is a simpler manufacturing technique than E-jet printing, but used broadly 
in industrial manufacturing applications. It is a non-contact, large-area printing technique used to 
deposit films with a uniform cross-section [11]. The film begins as a suspension or curable ink that 








where 𝑓 is the flow rate in cm3/min, 𝑣 is the substrate velocity in cm/min, 𝑤 is the coating width 
in cm, 𝑐 is the concentration of solid in the ink in g/cm3, and 𝜌 is the density of the printed film in 
g/cm3 [11]. Intuitively, this is equivalent to the flow volume equaling the printed film volume, 
with a factor to account for any change in density. The density factor essentially makes the 
equation a mass balance, and accounts for solvent evaporation in printing.  
A schematic of the basic slot die printer is given in Figure 1.3. Figure 1.3 shows a webbing 
as the substrate, implying a roll-to-roll printing scheme. Although this is not necessarily the case 
for a slot die printer, roll-to-roll printing is a very common set up because of a slot die printer’s 
capacity for continuous manufacturing. To achieve the necessary printing regimes, the work 
contained herein required a few adaptations to the slot die printer given in Figure 1.3. These 
changes are discussed in the corresponding chapter (Chapter 4).  
(1.1) 
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Figure 1.3 Slot die printer schematic.  
1.3 Organization of Thesis 
This thesis covers three main printing projects. Chapter 1 introduced the importance of 
manufacturing and outlined the manufacturing techniques used within. Chapter 2 describes the use 
of an E-jet printer to improve the generation of chemical potential gradients in hydrogels. These 
can be thought of as chemically specific force fields, driving chemical analyte to specific regions 
on the hydrogel. Chapter 2 also uses the E-jet technique to go a step beyond what previous 
manufacturing processes were capable of by patterning the chemical potential wells in unique 
shapes. Chapter 3 describes adaptations to an E-jet printer to make it compatible with low-melting 
point metal eutectics. The chapter also outlines unsuccessful attempts to print metal eutectics with 
the author’s opinion of what may have gone wrong. This is a new technique but was not truly 
novel, being first demonstrated in late 2016. The work herein was rather an attempt to reproduce 
results from [12]. Chapter 4 outlines the LabVIEW code and mechanical design and fabrication of 
components needed to adapt an existing roll-to-roll printing system for use in printing polymer 
films using a novel slot die printing head. It also touches on some very preliminary results from 
printing on the roll-to-roll device. A conclusion gives an overview of the work performed in the 
thesis and a guideline for future work. 
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Chapter 2     
E-Jet Printing of Chemical Potential Wells 
2.1 Background 
2.1.1 Motivation 
The use of lab-on-a-chip (LOC) technologies has expanded rapidly in scientific research 
as their functionality and complexity have grown [13], [14]. Disease diagnosis [13], [15]–[17], 
chemical analysis [17], and fluid manipulation and separation [18] are just a few of the applications 
which have benefitted from LOCs. A LOC is a small device, almost ubiquitously associated with 
microfluidics, which performs one or multiple laboratory functions on a single integrated chip. 
Because of their small size, they require a smaller sample volume, consume less reagent, and 
complete analyses quicker than traditional methods [15], [16], making them more attractive and 
economical. LOCs are typically sealed. Closing and connecting LOCs to the outside world, so that 
reagents and samples can be introduced to the LOC, remains a challenge in the engineering 
community [13]. 
Miniaturized, integrated chemical-analysis systems have emerged as a significant 
component of LOC devices and systems. These systems can be used to analyze small quantities of 
analyte and register a sample’s chemical fingerprint while boasting a low operating power and  
production cost [13], [19]. Chemical-analysis LOCs have two critical components: a method to 
introduce analyte to the targeted detection region and a sensitive micro- or nano-scale detection 
system [19]. However, because the detection region is so small in LOCs, the probability of analyte 
reaching the detection region is very small when driven purely by diffusion, especially if the 
sample concentration is low [20], [21]. Therefore, directed transport and collection of molecules 
to specific sensing regions is critical to realize rapid, high sensitivity assay. This chapter outlines 
a new, highly effective method of chemically specific directed analyte transport. 
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2.1.2 Previous Work 
Both external and internal driving forces have been used to achieve directed analyte 
transport. Electrical and magnetic fields are external driving forces which can manipulate and 
concentrate chemicals and biological species to specified regions of a LOC [22] device but require 
external power supplies and certain electric or magnetic properties of the analyte being driven. 
Internal driving forces, such as molecular motors and reaction driven microfluidic pumps, have 
been used for analyte concentration but with limited rapid concentration success and the 
requirement of motor protein attachment [23]–[25]. 
As an alternative to the aforementioned analyte collection techniques, chemical gradients 
have been used in recent years as an internal driving force to collect analyte [26]. Chemical 
gradient approaches have demonstrated successful transport of macroscale droplets, nanoparticles, 
and molecules to millimeter-scale diameter regions [27]. These systems also boast several 
advantages over traditional microfluidic manipulation techniques, including enhanced chemical 
specificity and removing the necessity to seal the LOC [27]. So far, these approaches cannot collect 
molecules to within a micrometer scale region while simultaneously demonstrating a significant 
collection enhancement (the ratio of analyte within the collection region to outside of it). A 
significant collection enhancement would have a value of 10 or greater. 
Previous techniques used to generate chemical potential wells utilized micropipettes, could 
not be patterned specifically, and could not produce wells in the sub-millimeter diameter range. In 
this chapter, E-jet printing is demonstrated as an alternative method for generating chemical 
potential wells. E-Jet printing is proven superior to previous methods as it can generate wells with 
diameters in the sub-millimeter range, can be used to pattern and place wells at specific locations, 
and generates chemical potential wells with much greater collection enhancement ratios (~50). 
2.1.3 Chemical Potential Well Generation and Functionality 
For the method considered in this thesis, the chemical potential well is generated in a 
PAAm hydrogel, similar to that used for gel electrophoresis. The hydrogel serves as a diffusion 
medium and the chemical gradient, which exists because of the chemical potential well, guides 
that diffusion. Because analyte diffuses in the hydrogel itself, there is no need to seal this system 
from the external environment. This makes both constructing the chemical potential well system 
and introducing analyte to said system much easier than traditional microfluidic techniques. 
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The well itself is generated in two primary steps, PAAm hydrolysis and functionalization, 
as demonstrated in Figure 2.1. A hydrolysis solution is introduced to the PAAm hydrogel in the 
desired chemical potential well region [27]. The hydrolysis solution incubates for a period of time, 
partially cleaving the amine groups from the PAAm backbone and exposing carboxylic groups. 
Once the incubation period has passed, the carboxylic groups are functionalized by a coupling 
reaction with amine-appended molecules [27]. This functionalization allows for chemistry specific 
interactions.  
 
Figure 2.1 The two main steps in creating chemical potential wells. Image taken from [28], 
a manuscript in preparation for publishing in 2017. 
While the hydrolysis solution is incubating, it not restricted in any way from diffusing into 
the surrounding hydrogel. It is believed that this mechanism leads to a gradient of affected PAAm 
around the chemical potential well, contributing to the improved diffusion into the well region.  
The chemical gradient acts sort of like a molecular hill, as depicted in Figure 2.2. Molecules 
can diffuse freely in the hydrogel but when they reach the edge of the chemical gradient, they are 
drawn in further as they approach a state of lowest enthalpy. The center of the chemical potential 
well has the greatest concentration of functionalized carboxylate groups, which is why the analyte 
experiences the lowest enthalpy there; the functional group is selected to push the analyte to the 
center of the well. 
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Figure 2.2 The chemical potential wells act as an enthalpy hill which draw molecules into 
the center as illustrated in [27] and repeated here. The event horizon refers to the point at 
which the chemical gradient begins to have an effect on the enthalpic level of the analyte. 
2.2 E-Jet Printed Single Analyte Chemical Potential Wells 
Although a pipette has been used in the past to introduce the hydrolysis solution to a PAAm 
hydrogel, this thesis discusses a novel well manufacturing technique using an E-jet to introduce 
the hydrolysis solution. E-jet printing is advantageous over a pipette introduction system as the E-
Jet produces smaller, more precisely positioned wells. Additionally, previous work has 
demonstrated that droplets printed onto a hydrogel using an E-jet printer penetrate the gel up to 30 
μm [29]. This helps keeps the well in the printed location, reducing the chances of it floating on 
top of the hydrogel with the hopes that it would also encourage diffusion in the hydrogel. 
The single wells printed in this section were compared against wells manufactured using 
the traditional pipette method. Wells were made in PAAm gels grown on silicon wafers. Glass was 
originally selected as the PAAm base, but the glass base gels yielded inconsistent E-jet printing. 
Glass is not conductive and distrupts the electrical fields needed for E-jet printing. Silicon replaced 
the glass base because of its improved conductivity and thus compatability with the E-jet printing 
process. 
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2.2.1 Sample and Tooling Preparation 
The PAAm hydrogel was synthesized by UV-initiated polymerization. The polymerization 
solution was prepared by mixing 2, 2-Diethoxyacetophenone (DEAP, 0.02 g), the UV initiator, 
with an acrylamide/bis-acrylamide mixture (0.6g, 37:1 weight ratio) in 10 g milli-pore water for 
at least 5 minutes in the dark. Silicon wafers (orientation [100]) and glass slides were treated with 
nanostrip for 45-60 min at 55 °C and then functionalized in a 3-(trimethoxysilyl)propyl 
methacrylate THF solution (ca. 0.2 v/v%) overnight and a trichloro(1H,1H,2H,2H-
perfluorooctyl)silane THF solution (ca. 0.2 v/v%) for 10 min, respectively. After the silicon wafers 
and glass slides were blown dry, a piece of aluminum foil (with thickness 15 μm) with a 5×8 mm 
rectangular hole was placed on each silicon wafer (as a spacer between the silicon and glass). Next, 
the polymerization solution was introduced to each silicon wafer, which was subsequently covered 
with a previously fluoro-treated glassslide. Air bubbles were avoided and pressed out when placing 
the top glass slide. PAAm hydrogel grew between the silicon wafer and glass slide in the aluminum 
foil hole. UV-polymerization was carried out under a high-intensity UV lamp (Cole-Parmer, 365 
nm wavelength, 60 Hz, 100W) for two hours. The PAAm hydrogel samples were then completely 
dried in a 50 °C environment and sealed for future use. 
Glass capillary needles (World Precision Instruments, 2 μm inner diameter) were used to 
print the hydrolysis solution for this experiment. Although a larger ID needle would make sense 
for the feature sizes used in this experiment, a 2 μm ID needle was selected to accommodate the 
relatively low viscosity of the functional ink that was printed. The ink would drip out of a needle 
with a larger ID from gravity alone. A sputter coater (Denton Desk II TSC) covered each needle, 
in batches of eight, with a ~7 nm layer of gold-palladium (a 70 second run in the sputter coater). 
Once sputtered, the nozzles were submerged in a hydrophobic coating solution  of 0.1% 1H, 1H, 
2H, 2H-Perfluorodecanethiol and 99.9% N-N Dimethylformamide for about six minutes. The 
nozzles were then submerged in 100% N-N Dimethylformamide for 10 seconds. While the needles 
are submerged in N-N Dimethylformamide a back pressure is applied so that air bubbles can 
visibly be seen coming out of the needle. This ensures that the solution will not clog the needle 
(without the backpressure, capillary action pulls the solution into the needle and if permitted to dry 
there the needle will clog).  
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2.2.2 Chemical Potential Well Generation 
The hydrolysis solution used in the first step to generate the chemical potential well is 
composed of 0.12 g sodium hydroxide, 1 g N, N, N', N'-tetramethylethylenediamine, 0.09 g sodium 
chloride, and 10 g milli-pore water. The hydrolysis solution was introduced to the PAAm hydrogel 
samples via E-Jet using the pulsed voltage technique describe by S. Mishra and K. Barton [9] to 
improve the repeatability. A base voltage between 300-350 V with a peak pulsed voltage of 600-
650 V was applied to the ink to induce electrohydrodynamic flow. A back pressure of 4-4.5 psi 
was applied to the capillary glass needle to overcome the capillary effect. The needles were held 
275 μm from the surface of the PAAm substrate to print 200 μm diameter dots of hydrolysis 
solution (Figure 2.3). For each 200 μm diameter well 3-5 droplets were printed in the same area to 
increase the volume of hydrolysis solution without changing the well size. To act as a control, 1.5 
mm and 1 mm diameter wells were made as well, by pipetting 0.8 μL and 0.1 μL of hydrolysis 
solution, respectively, onto PAAm substrates. 
After the introduction of the hydrolysis solution droplets, the samples were placed in a 
vacuum at -0.075 MPa (relative to atmospheric pressure) for 14 hours to induce partial hydrolysis 
of the PAAm. Following the hydrolysis reaction, each sample was immersed in a functionalization 
solution containing either DMSO (2.5 g), 4-aminobenzonitrile (0.069 g), N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 0.112 g), sodium chloride 
(NaCl, 0.132 g), MES buffer (pH 4.7, 15g)) to couple with the nitrile group or in a solution 
containing N, N- dimethylethylenediamine (0.0516 g), EDC (0.112 g), NaCl (0.132 g) MES buffer 
(pH 4.7, 15g) to couple with the cationic group. The second reaction took place for 24 hours under 
ambient conditions. The samples were lastly placed in a PBS pH 7.4 buffer and blown dry, 
completing the well generation process. 
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Figure 2.3 A 200 μm diameter E-Jet printed droplet of hydrolysis solution on PAAm 
hydrogel. 
2.2.3 Results and Discussion 
As described in the previous section, each sample was functionalized with one of two 
soltuions. The first solution is called Cyano and the second Diamine. Cyano functionalization was 
performed in order to measure the intensity of the chemical potential well using Confocal Raman 
Microscopy. Raman microscopy shines lasers on a substrate and examines the scattering over the 
electromagnetic spectrum. Certain chemicals correspond to scattering at different wavelengths, so 
Raman microscopy can yield a chemical fingerprint of a sample. Cyano has a strong Raman 
scattering peak at 2228 cm-1.  
The intensity of the 2228 cm-1 peak was used as a measure of the degree of hydrolysis. A 
higher intensity would indicate that a greater degree of hydrolysis took place because Cyano 
functionalized more of the PAAm backbone. The 2228 cm-1 peak was taken over a line, which 
intersected the printed well, as indicated in Figure 2.4, for each of the different well sizes (1.5 mm, 
1 mm, and the E-jet printed 200 μm well). For each measurement the intensity of the 2228 cm-1 
peak was normalized relative to the intensity of the Raman peak associated with the PAAm 
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Figure 2.4 Intensity of the Raman microscopy 2228 cm-1 peak along a line on the PAAm 
hydrogel for three different well sizes, taken from [28]. This peak is associated strongly 
with the presence of Cyano functionalization of the hydrogel. 
It is apparent that each well consists of two main regions, a well gradient region, where the 
intensity grows (corresponding to the sloped parts of each peak in Figure 2.4) and a well basin 
(corresponding to the flat region). It was hypothesized that diffusion of the hydrolysis solution into 
the PAAm substrate created the gradient region. Although Cyano was only used to analyze 
hydrolysis intensity, the beginning of the gradient region would correspond to the point where 
molecules would no longer diffuse freely, but begin to be affected by the enthalpic well. The basin 
region is where the majority of molecules would end up, driven there by the well gradient. 
As is evident in Figure 2.4 the 1.5 mm diameter chemical well exhibits the greatest degree 
of reaction intensity at the well basin with a ~0.5 mm gradient region on each side. The 200 μm 
chemical well exhibits the lowest degree of reaction intensity at the basin with a ~60 μm gradient 
region. This is reasonable because the average height and volume of a hydrolysis solution droplet 
on the PAAm surface increases with the droplet diameter. As such, a greater degree of hydrolysis 
is expected. Note that the thickness of the PAAm substrate (15 μm) is two orders of magnitude 
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smaller than the lateral dimensions (5-8 mm). As such, PAAm films are regarded as two-
dimensional.  
Although the hydrolysis reaction was weaker with smaller wells, molecular focusing, the 
degree to which molecules diffused to and collected in the well region, improved. Diamine was 
used to functionalize the hydrolyzed PAAm to measure molecular focusing. Diamine 
functionalization builds an electrostatic interaction well. In this configuration, the well is cationic 
and the PAAm neutral. 8-hydroxypryene-1,3,6-trisulfonic acid trisodium salt (HPTS), an anionic 
fluorescence dye, was selected as the model analyte. Theoretically, the anionic analyte would be 
driven into the cationic well.  
The samples were immersed in a 7.4 pH buffer (phosphate buffered saline) and 
subsequently blown dry to remove any surface liquid (to prevent transport on the surface water 
film and ensure all transport was diffusion based through the hydrogel). 0.02mM of the HPTS 
solution was next applied to the samples by spraying from 8 different directions at a fixed distance 
from the samples (Figure 2.5 (a)). This was done to mimick an aerosol dosing event and eliminate 
the vertical absorption effect. The samples were then placed in a 100% humidity environment 
(hydrolized PAAm has a diffusion coefficient nearly equivalent to that of water) and the transport 
behavior was recorded by time-series fluorescence images shown in Figure 2.5 (b-d).  
The HPTS diffused freely on PAAM hydrogel at first, but at the half hour mark, a weak 
profile of the well was observed in each of the samples, regardless of size. Focusing continued, 
accompanied by increased fluorescence intensity in each electrostatic well, until about the five 
hour mark, at which point the fluorescence intensity outside of the well was uniform. Enhanced 
fluorescence intensity was observed in each cationic well relative to the surrounding medium and 
remained relatively stable up to 15 hours. At any time after a half hour, the fluorescence intensity 
of the 200 μm cationic well was stronger than that of the other well sizes. Although a qualitative 
result, this indicates a greater local HPTS concentration, and thus improved molecular collection, 
compared with the millimeter-scale cationic wells. 
To confirm the qualitative focusing results revealed by the fluorescence die, 5mM 1,3,6,8-
pyrenetetrasulfonate (PyTS), an anionic molecule with a similar chemical structure to that of 
HPTS, but with an extra sulfonate group (Figure 2.6 (a)), was applied to the PAAM hydrogel 
samples. 
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Figure 2.5 (a) Schematic representation of spraying 0.02 mM HPTS solution onto a PAAm 
hydrogel sample with an embedded chemical potential well. (b-d) Focusing of the analyte 
HPTS, which has a fluorescence, into a (b) 1.5 mm, (c) 1 mm, and (d) 0.2 mm cationic well 
over time. Each cationic well is made by functionalizing PAAm with Diamine. The red-
dashed circles indicate the location of the cationic well. The white dashed circles highlight 
free diffusion (unaffected by the cationic well) in the PAAm hydrogel. This image is taken 
from[28]. 
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PyTS has a distinct Raman peak at 1209 cm-1 [30] (Figure 2.6 (f)), so Raman microscopy 
can be used to measure the intensity of PyTS. With the Cyano, Raman microscopy measured the 
intensity of the functionalized hydrogel. With PyTS, Raman microscopy is being used to measure 
the degree to which PyTS accumulated in a given region after being sprayed on the PAAm surface. 
 The PAAm samples either had no cationic chemical potential well, a 1.5 mm well, a 1 mm 
well, or a 0.2 mm well when sprayed with PyTS, using the same application method as for HPTS. 
After being sprayed, the samples were stored in a 100% humidity chamber, as with the 
fluorescence characterization, and the Raman spectrum was taken along the cationic well diameter 
at different time points. Peaks of PyTS at 1209 cm-1, normalized with the 1100 cm-1 PAAm 
backbone peak, were plotted as a function of position for samples with and without the cationic 
well (Figure 2.6 (a-d)). For samples with chemical potential wells (Figure 2.6 (b-d)), the peak 
intensity within the well is much greater than outside of it and continues to grow until 22 hours. 
However, the peak intensity of wells with a 200 μm diameter were much stronger than those with 
millimeter size diameters at all time points. The intensity of the PyTS Raman peak on PAAm 
without a well was almost constant after 4 h, indicating that pure diffusion reached a steady state.  
To quantitatively compare the molecular collection performance, the ratio of the 1209 cm-1 peak 
intensity at the center of the cationic well to the average intensity outside of it was taken for each 
sample, which we define as the concentration enhancement ratio (CER). After 21 hours, the CER 
of the 200 μm well was 58, almost three times larger than the CER of the 1.5 mm and 1 mm 
cationic well systems (16 and 17, respectively) (Figure 2.6 (e)). The Raman result is consistent 
with the fluorescence transport result: the molecular collection performance is significantly 
improved in micrometer scale wells when compared to millimeter scale wells. 
To further study how microscale chemical potential wells influence the detection limit, the 
Raman spectrum at the center of 200 μm cationic wells was compared to that of untreated PAAM 
substrates when both were sprayed with varied concentrations of PyTS solutions (Figure 2.6 (f)). 
Other than the 1209 cm-1 peak, PyTS has two other distinct peaks at 1321 cm-1 and 1621 cm-1. 
After 21 hours, all three peaks were clearly observed on untreated PAAM samples sprayed with 5 
mM PyTS but were not perceptible on untreated PAAM samples sprayed with  0.1 mM PyTS 
(diluted by 50 times).  
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Figure 2.6 Normalized PyTS intensity profile on PAAm hydrogels (a) without and with (b) 
1.5 mm, (c) 1 mm and (d) 200 μm diameter cationic wells at selected time points. (e) 
Comparison of the normalized Raman peak intensity profile of different sized potential 
wells after 21 h. (f) Selected Raman spectrums of PAAM hydrogels with and without the 
200 μm diameter cationic well, sprayed with different concentration PyTS solutions. This 
image is taken from [28]. 
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In contrast, PAAM hydrogels with 200 μm cationic wells sprayed with the same 0.1 mM 
PyTS solution demonstrated the PyTS Raman peaks at the well basin (normalized intensity at 
1209, 1321 and 1621 cm-1 are 53, 86 and 116 a.u.) at a level comparable with the Raman peaks 
observed in the untreated PAAM sprayed with 5mM PyTS (normalized intensity at 1209, 1321 
and 1621 cm-1 are 56, 73 and 140 a.u.). These results demonstrate that the 200 μm well effectively 
decreased the detection limit 50 fold and show the potential to use microscale chemical wells to 
detect analyte at concentrations that would otherwise go unnoticed. 
These results establish that E-jet printed micrometer scale potential wells are significantly 
better at analyte focusing and decreasing the detection limit than the previously pipetted millimeter 
scale wells, indicating that they would be effective molecular motors in a LOC. Although the E-
jet printed wells improve analyte focusing, they had a much lower degree of PAAm hydrolysis 
and functionalization than larger wells (Figure 2.4). We think this is likely the result of some sort 
of chemical potential well threshold. It could be that a very low degree of functionalization is 
required to act as an effective analyte focuser. If the 200 μm well exceeds this threshold, then each 
of the different well sizes will draw in similar amounts of analyte, but it is concentrated in a much 
smaller area in the 200 μm well.  
Two different functionalized wells and three separate analytes were used in the 
experiments in this thesis to show the efficacy of E-jet printed chemical potential wells. However, 
these are not the only well-analyte systems compatible with our process. The hydrolysis step in 
making the chemical potential well is universal; the same solution and application technique is 
used for every sample. The functionalization step, however, can be incredibly specific. The 
hydrolyzed wells can be functionalized to exhibit nearly any chemistry to achieve very specific 
well-analyte interactions. 
The feature sizes printed in this thesis were much larger than are typical of E-jet printing. 
In fact, to my knowledge, this is the first work demonstrating repeatable printing of feature sizes 
at their scale. The E-jet was used because it drives chemicals into a hydrogel rather than letting 
them sit on top, but the resulting work has demonstrated that an E-Jet can print a large range of 
feature sizes. This implies that one devices, an E-jet printer, can be used to manufacture a LOC 
with feature sizes that range from the nanometer scale up to hundreds of micrometers. 
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2.3 Patterned Wells 
This section and the following used nearly the same chemistry, processes, and application 
methods as described in the previous section, but applied in different ways to yield different results. 
Rather than repeat the processing information from above, only the differences from the previous 
section will be described. 
The E-jet printer used for the experiments outlined in this thesis has 5 degrees of freedom 
with control resolution in the sub-micrometer range. As such, the system is capable of patterning 
hydrolysis solution with precision that is unachievable using the previous pipetting method. To 
demonstrate this ability, as well as to test the interactions of multiple wells in a close area, an E-
jet printer was used to print several patterns of cationic wells. Only the Diamine/fluorescence well-
analyte system was used because it has already been demonstrated that a strong correlation exists 
between the qualitative flourescent and quantitative Raman results. 
Three patterns, shown in Figure 2.8 (a-f), were printed: a line, a cross, and a square with a 
well at the center. The line and cross-patterned wells had diameters of ~180-200 μm each and were 
spaced 200 μm center-to-center. The square-center pattern wells had ~200-250 μm diameter wells 
spaced 300 μm center-to-center. HPTS fluorescent dye was applied to these samples as it was in 
the previous section with one exception. The square-center pattern was covered when the HPTS 
was sprayed onto the surface, as shown in the schematic in Figure 2.7. 
  
Figure 2.7 Schematic for spraying analyte on the square-center patterned chemical 
gradients. This image is adapted from[28]. 
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For each of the patterns, each of the wells accumulated analyte at a relatively similar pace. 
Figure 2.8 (g-i) shows the fluorescence of each pattern 15 hours after the analyte was first 
introduced. Before conducting the experiment it was expected that the square would act as an 
analyte barrier and none would accumulate in the center well. As demonstrated in Figure 2.8 (i), 
that was clearly not the case. This implies that the influence of chemical potential wells on each 
other can be ignored under the wall-spacing resolution used for the print.  
The success of the patterned prints demonstrates that E-jet printing can be used to create 
chemical potential wells for LOCs to drive analyte to several different locations. Furthermore, the 
even distribution of analyte in the square-center pattern indicates that features on LOCs driven by 
chemical gradients can be placed very close without interfering with each other. 
 
 
Figure 2.8 Images of E-jet patterned cationic wells. (a-c) Schematics of the three printed 
designs. (d-f) Optical images of the E-jet printed droplets of hydrolysis solution. (g-f) 
Flourescence images taken after 15 h of analyte (HPTS) diffusion into the chemical 
potential wells. Each well accumulated analyte at comparable rates, indicating that the 
wells did not significantly influence each other’s behavior. This image is taken [28]. 
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2.4 Cascaded Wells 
In an attempt to improve the range and effectiveness of the chemical potential wells, 
cascaded wells were manufactured. A cascaded well system consists of two wells; one large well 
(1 mm in diameter) manufactured using a pipette and one 200 μm diameter well, manufactured by 
E-jet. The idea was that the large well would act as a very large gradient region for the small well, 
pulling more analyte toward the small well than would otherwise be affected in a shorter period of 
time. Figure 2.9 shows a schematic of the theorized cascaded well system. 
 
 
Figure 2.9 Idea behind printing a two stage cascaded potential well. The large well would 
act as a large catching region encouraging analyte to diffuse into the small well. 
The large well had to be printed and functionalized before the small well was printed within 
it. This is because the two wells would interact and interfere with each other’s functionalization 
process if permitted to functionalize at the same time. Three different cascaded configurations 
were printed to test how relative placement between the large and small well effected analyte 
accumulation. The first configuration placed the small well at the center of the large well, the 
second placed the small well 300 μm from the center of the large well, and the third placed the 
small well 1000 μm from the center. Figure 2.10 shows a cascaded well with the E-jet printed well 
at the center of the larger, 1000 μm well. 
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Figure 2.10 Cascaded wells with the smaller well placed at the center of the larger well. 
At this point two sets of cascaded well experiments have been performed and further 
investigation may be warranted to confirm the exact results. Each of these experiments were 
performed once with Cyano functionalization and once with Diamine functionalization sprayed 
with PyTS. This was done so the Raman microscopy could be used to measure the degree of 
functionalization and the degree of analyte accumulation, respectively, as in Section 2. The 
samples with the small well placed in the center of the large well exhibited the greatest degree of 
functionalization, as are demonstrated by the Cyano Raman results given in Figure 2.11.  
Interestingly, the behavior for the analyte focusing experiment was nearly opposite that of 
the functionalization experiment, at least the first time the experiments were performed. The 
samples were functionalized with a large and small Diamine well, as in the first section, and 
sprayed with a solution of PyTS. Figure 2.12 shows the PyTS Raman peaks in the wells. 
Although the center well exhibited the greatest degree of hydrolysis/functionalization, 
according to the Cyano Raman results, it exhibited the lowest degree of analyte accumulation. 
While this is consistent with the results when the dot size was decreased for a single well system 
(the wells with a greater degree of functionalization exhibited a lower degree of analyte 
accumulation), it is strange in this case because all of the dots are the same size. Before, the 
increase in the degree of analyte accumulation was attributed to a similar amount of analyte being 
accumulated in a much smaller area. When the wells are all the same size, the well with the greatest 
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Figure 2.11 Raman peaks at 2228 cm-1 for Cyano functionalized cascaded wells. A small 
well at the center of a larger one exhibits the greatest degree of functionalization, which 
decreases as the wells go out. The slight uptick of the red and blue lines at 0 μm can be 
attributed to the  Raman peak from the large well. This image was generated by S. Zhang. 
degree of functionalization would be expected to accumulate the largest amount of analyte. 
Because the results were so strange, the experiment was repeated, and the results were 
flipped. The center well, which still had the greatest degree of functionalization, now exhibited the 
greatest degree of analyte accumulation.While this was the expected behavior from the beginning, 
it is strange that the results were conflicting. Further experiments may be warranted to determine 
which set of results were the fluke. 
It should be noted that, although the behavior may have flipped between cascaded well 
experiments, the concentration enhancement was always significantly higher than that achieved 
by non-cascaded wells. This is apparent when the peaks in Figure 2.12 are compared with those in 
Figure 2.6. The Raman microscopy indicates that cascaded wells always exhibit a greater degree 
of analyte accumulation. This was the expected behavior, as it was assumed that the large wells  
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Figure 2.12 PyTS Raman peaks at 1209 cm-1 for each of the cascaded wells. The 
Concentration Enhancements (CE) are 167, 136, and 120 for the 1000 μm offset, 200 μm 
offset, and center-set wells, respectively. The 1000 and 200 μm offset wells each exhibited a 
CE of 5 at the center of their large wells. This image was generated by S. Zhang. 
would help draw analyte from a larger area into the small well. (However, the behavior was not 
expected for the situation where a small well was placed outside of a large one.) 
2.5 Organophosphates 
The previous sections used a toy analyte to measure the concentration enhancement 
capacity of chemical potential wells using an E-jet printer. However, the collection of this analyte 
does not have very much practical use. There is far more interest in concentrating other chemicals, 
such as organophosphates. 
Organophosphates are toxic and found in insecticides and nerve gas [31]. Because of their 
toxicidy, rapid detection of organophosphates in the environment, whether it be a water source or 
combat zone, is critical to the lives of people in the vicinity. Early detection of minute quantities 
may even give an early warning of terrorist activities. Although work has demonstrated that 
biosensors can detect organophosphates in the field without complex and expensive equipment 
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[31]–[33], their detection limit could be greatly reduced if organophosphates in the environment 
could be concentrated in a single spot. A lower detection limit could decrease the detection time 
and save lives. 
2.5.1 Organophosphate Chemical Potential Well 
Cyclodextrin is a bowl shaped compound that is hydrophilic on the outside and 
hydrophobic on the inside. It is a circular chain of sugar molecules that comes in three forms, α-, 
β-, and γ- which have six, seven, and eight molecules respectively. Figure 2.13 shows a 
cyclodextrin molecule. Cyclodextrin’s hydrophilic exterior make it water-soluble while its 
hydrophobic interior creates a sort of trap for hydrophobic molecules, such as an organophosphate. 
 
Figure 2.13 Cyclodextrin chemical structure. This image was taken from [34]. 
The concept was to print wells of cyclodextrin to act as a chemical potential well for 
organophosphates. Although organophosphates may diffuse freely in a hydrogel, once any 
molecules come across a cyclodextrin molecule in the well, they should be trapped there. This will 
increase the local concentration over some duration of time.  
The chemical potential wells were produced the same as in the previous section, by 
hydrolyzing the hydrogel and then functionalizing the hydrolyzed region with cyclodextrin 
appended molecules. Each well was made 200 μm in diameter using E-jet printing. After 
functionalization, the hydrogel samples were sprayed with an organophosphate solution, just as 
they were sprayed in the previous section, to replicate an aerosol dosing event. After the samples 
were sprayed with the organophosphate, they were permitted to diffuse for several hours. 
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2.5.2 Results 
At this point, only proof of concept experiments have been completed, but the results are 
very promising. Samples with α-, β-, and γ- cyclodextrin wells were made and sprayed with a 10 
mM MUP and 100 mM DCNMP (each an organophosphate) solution. Raman spectrums were 
taken for the 1166 cm-1 and 2251 cm-1 peaks, respectively, which are exhibited by the 
organophosphates. There was a visible increase in intensity for each well-solution combination in 
the well, indicating that the collection was a success. Figure 2.14 gives the Raman results. 
 
Figure 2.14 Raman spectrum results for a 10 mM and 100 mM solution of 
organophosphate sprayed onto an α-, β-, and γ- cyclodextrin well. This image was 
generated by S. Zhang. 
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2.6 Future Work 
2.6.1 Single Analyte Wells 
We hypotehesized that the improved effectiveness of smaller E-jet printed wells in light of 
a weaker PAAm functionalization reaction was the result of some sort of well functionalization 
threshold. If that is the case, the threshold likely varies for each well-analyte system. If we imagine 
the well-analyte system as positive and negative charges, a very positively charged analyte would 
collect effectively in a weakly functionalized, but very negative, potential well. On the other hand, 
if the analyte was just barely positively charged and the well just barely negatively charged, a 
higher degree of PAAm functionalization would be required to effectively focus the analyte in the 
well. Future work should be done to confirm the threshold theory and attempt to quantify some 
measure of what that threshold is for different well-analyte systems. As E-jet printers can 
manufacture feature sizes down to the nanometer scale, it is possible to test the effectiveness of 
different well sizes over several orders of magnitude.  
The work done with organophosphates is still very preliminary. Unlike the toy experiments 
done with the fluorescence dye, the E-jet printed wells did not perform any better than the pipetted 
control group for organophosphate collection. We believe this is likely because too high of a 
concentration of the organophosphate solution was used and saturation was achieved. Future work 
should be done to demonstrate how low the cyclodextrin wells can reduce the detection limit of 
organophosphate. 
2.6.2 Multiple Analyte Wells 
Up until this point, this thesis has only discussed samples that contain a single well-analyte 
system. However, many LOCs have complex systems with multiple interactions. It would be 
beneficial to demonstrate that the chemical potential well method can be used to drive multiple 
analytes at the same time. To demonstrate this capability, multiple wells, functionalized with 
different chemicals, should be E-jet printed onto a single PAAm substrate. This would demonstrate 
this techniques ability to make true LOC devices. 
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Chapter 3     
E-Jet Printing of Low-Melting Point Metal Eutectics 
3.1 Background 
3.1.1 Motivation 
Manufacturing metal products has been one of the greatest drivers in the story of human 
development. Systems of steel trusses enabled the skyscraper [35], special metal alloys and 
advanced manufacturing techniques of those alloys have enabled orthopedic implants like hip 
replacements [36], new 3D printing techniques are allowing for lighter airplane components in 
geometries that could not otherwise be manufactured [37], and the electronic age as we know it 
was made possible by wire and printed circuit manufacturing. The manufacturing of metal will 
always be important to the human race, to advance technology and solve new problems. Lately, 
with the advent of the Internet of Things and biosensors, many of those problems present 
themselves in the need to make smaller and more flexible electronic devices. This requires making 
smaller wires and interconnects. 
Electrohydrodynamic jet printing is a micro- to nano- scale additive manufacturing 
technique. The technique shows a lot of promise when it comes to making things smaller than they 
have been made before, especially in an additive manufacturing sense. Right now printed circuit 
boards with the smallest metal interconnects are made using a subtractive manufacturing 
technique, layering a whole sheet of copper and etching away the unwanted parts using a powerful 
chemical [38]. This leads to a lot of wasted metal and the use of harmful chemicals. Additionally, 
printed circuit boards are almost exclusively made on inflexible substrates. If metal interconnects 
could consistently and effectively be manufactured using an E-jet printer, metal interconnects 
could be made without any waste and on a much more diverse range of substrates.  
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3.1.2 Previous Work 
Much work has been performed attempting to manufacture metal electrical interconnects 
using additive manufacturing techniques. Transfer printing has been shown to make interconnects 
with feature sizes as small as ~100 nm, but each interconnect schematic requires a new stamp and 
the process requires specific material properties of the substrate to successfully transfer the 
interconnects [39], [40]. Microcontact printing has much more flexibility in the shapes 
manufactured, but the feature sizes are much larger than those observed in transfer printing [41]. 
Electrical interconnects  have been manufactured using inks with suspended silver nanoparticles 
by E-jet printing, but the electrical conductivities of such interconnects leaves much to be desired 
because as the ink suspension evaporates gaps are left between silver nanoparticles [42]. 
Metal was directly printed using an E-jet printer only recently (in the last 12 months of the 
writing of this thesis) and is outlined in [12]. The paper used a low-melting point eutectic metal 
because low melting point metals are much easier to work with. There is also an established history 
of using low melting point eutectic metals in circuit manufacturing in the form of solder to connect 
wires. The work in this chapter outlines some failed attempts to print metal using an E-jet printer 
(so that they can be avoided by future researchers) and a framework going forward to attempt to 
imitate and improve upon the work presented in [12]. 
3.2 Galinstan 
The first attempts to print a metal eutectic in our lab were performed with Galinstan. 
Galinstan is made of gallium, indium, and tin. It was chosen because it is liquid at room 
temperature. However, Galinstan has a few properties that make it very diffiuclt to work with. First 
of all, Galinstan oxidizes almost instantaneously in air. This creates a gallium oxide skin that has 
an incredibly high surface tension. This surface tension makes it difficult to cleave off a droplet of 
Galinstan. Secondly, Galinstan wets just about anything it touches and does not come off easily 
(in fact, it leaves a residue on nearly all surfaces). 
Glass capillary needles, which are typically used for E-jet printing, cannot be used to print 
Galinstan because of its high surface tension. Instead, 30 gauge metal nozzles, with an inner 
diameter of 160 μm, were used. A small heater, made by coiling nichrome wire, was placed around 
the nozzle to heat up the eutectic and make it more flowable before printing. 
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Figure 3.1shows a droplet of Galinstan as it peeks out of the printing nozzle. Unfortunately, 
successful E-jet printing with Galinstan was not achieved. As with all E-jet printing, a 
backpressure is applied to overcome the capillary force and a voltage applied to induce actual 
printing. However, with Galinstan, droplets were only ejected using a backpressure. Although high 
voltages were applied, printing was never induced. This was attributed to the high surface tension 
of the Galinstan skin; the electrostatic force was not great enough to overcome it. 
  
Figure 3.1 A droplet of Galinstan pokes its way out of the E-jet nozzle because of an 
applied back pressure. 
In an attempt to overcome the problem of oxidation, the Galinstan was printed in a bath of 
silicone oil. Silicone oil is non-conductive, so there was not a risk of the voltage applied to the E-
jet nozzle arching to the substrate beneath. Unfortunately, this effort still did not overcome the 
oxidation problem. Just the act of transferring the Galinstan to the syringe barrel was enough time 
in air for the Galinstan to produce a layer of gallium oxide. A new method needed to be devised 
in order to successfully E-jet print a metal alloy. 
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3.3 Field’s Metal 
After unsuccessfully printing metal eutectics, another research group published a paper 
demonstrating E-jet printing of Field’s metal, another low melting point eutectic metal [12]. Field’s 
metal, however, is not liquid at room temperature, but melts at 62 °C. The paper heated the barrel 
to 192 °C to get the metal sufficiently liquid. After carefully considering the results in [12], a 
revised research plan was determind to put aside printing Galinstan and instead focus on 
replicating the results found in [12]. This chapter outlines the alterations that were made to the 
R2R system outlined in [43] to make it compatible with the new heating requirements. This chapter 
is intended as a set of directions for future Alleyne Research Group lab members who attempt to 
repeat this process but has several pieces of experience-aquired knowledge which can be applied 
in general to E-jet users attempting to adapt their system for high temperature purposes. 
The first alteration to be made to the system was finding a syringe barrel and nozzle which 
could be safely heated to the temperatures required. Hamilton luer lock barrels (2.5 mL, Model 
1002 TLL SYR) and compatible Hamilton nozzles (30 gauge, Metal Hub NDL, point style 3) were 
selected. Because the barrels and nozzle were of a different shape and size (and would require 
space to wrap a heater around them), a new mount was required to secure the nozzles to the E-jet 
translational stage. Figure 3.2 gives the CAD representation of the new part. The hole in the mount 
was made just larger than the syringe barrel so that it could be slipped in but securely held in place, 
as can be seen in Figure 3.3. The design also left space to place a heater around the barrel and 
nozzle. 
The heater was made using winds of nichrome wire. A tool, shown in Figure 3.4, was used 
to assist in making the heater. The tool is slightly longer than the total heater length. The heater 
should be long enough to cover some of the syringe barrel and most of the printing nozzle, but not 
so long that the heater gets too close to the adapter mount or covers the bottom of the nozzle. The 
adapter mount softens and begins to melt at temperatures around the desired heating range, so the 
heater cannot get too close to it. The heater should also avoid blocking the line of site from a 
camera to the bottom of the printing nozzle, which is required to monitor the printing process.  
The tool has a short wide diameter section and a longer narrow diameter section. The heater 
is made by winding the nichrome wire around the narrow diameter section, using the large diameter 
section as a grip. The narrow diameter region has the same diameter as the syringe barrel. After 
the wire was completely wound, the ends were taped in place for three hours to encourage the wire  
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Figure 3.2 CAD file of the adapter used to hold the syringe barrel for eutectic metal E-jet 




Figure 3.3 Syringe barrel and nozzle in the eutectic metal E-jet printing adapter. The hole 
for the barrel is large enough to allow it to slip in, but close enough to the barrel 
dimensions that it is still held relatively horizontal in cantilever. This ensures the barrel 
will be kept still while printing and cannot shift in the adapter. 
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Figure 3.4 Tool used to wind the heater. 
to hold that shape, as shown in Figure 3.5. After sitting for a few hours, the tape was removed and 
the wire allowed to expand. Although it is desired that the heater retains its shape for the most part, 
the expansion is necessary for two reasons. First of all, without the expansion the heating coil 
would have the exact same diameter as the syringe barrel, which would make installation of the 
heater nearly impossible. Second of all, when the heater is wound, all of the winds are in contact. 
Since the winds are in contact, the coil would not act like much of a heater, because the current 
would flow through one line of lowest impedance through the coils rather than along each coil. 
The expansion ensures that the coils are not in contact. 
 
 
Figure 3.5 Heater wound on the tool. 
Because the nichrome heater requires a high power source to induce the current along the 
coils, it cannot come in contact with the E-jet printing nozzle at any time. The E-jet printing nozzle 
is also attached to a power supply that delivers the E-jet voltage needed for printing. If the 
nichrome heater made contact with the printing nozzle, the two power supplies would short circuit 
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together. This would disrupt the E-jet printing process but more importantly damage the power 
supplies. To make sure that the coil would not bump into the nozzle, the stiffness of the heater 
needed to be greatly increased. This was achieved by taping the outside of the heater with high 
temperature kapton tape. The tape, which can handle up to 200 °C, is not stiff by itself, but when 
it is coiled into a cylinder it stops the heater from bending. Figure 3.6 demonstrates the affect of 
the tape on the stiffness of the heater. The effect is similar to rolling up a sheet of paper, which 
suddenly transforms it from flimsy to stiff. The tape should be applied to the heater while the 
heater is on the heater tool. This will ensure that the coils are straight. 
 
Figure 3.6 Nichrome coil heater wrapped with high temperature kapton tape. The section 
with the tape is very stiff, but the section without it sags under its own weight. The kapton 
tape is used to ensure that the coil does not touch the E-jet nozzle. In this image, the heater 
is covered with several layers of tape in the midsection. This is not recommended in 
general, because it makes some steps to the setup harder later on. 
After the heater is wrapped with kapton tape, it can be slipped onto the syringe barrel and 
secured using more high temperature tape. When the heater is slipped onto the barrel, a 
thermocouple should be slipped between the heater and barrel so that the temperature of the heater 
can be monitored. Figure 3.7 shows the heater attached to the syringe barrel. Figure 3.8 gives a 
close up of the printing nozzle, demonstrating that the tape sufficiently increases the heater 
stiffness to ensure it does not touch the nozzle. 
Because this whole set up is intended to be used as an E-jet printer, it is important to apply 
a voltage to the printing nozzle. At this point, a slit should be cut into the kapton tape in the location 
where the E-jet voltage will be applied to the printing nozzle (in fact, this slit can be made before 
the heater is attached to the syringe barrel, if it is more convenient to the user). The E-jet voltage 
is applied by a wire following the dashed line in Figure 3.7, and as such the slit should be cut to  
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Figure 3.7 Nichrome coil heater attached to the syringe barrel. The red dashed line 
indicates the path that a wire will take to apply the E-jet voltage to the printing nozzle. 
 
 
Figure 3.8 The mount is barrel and heater are horizontal, as in Figure 3.7. This close up of 
the printing nozzle demonstrates that the heater is not in danger of touching it. The red 
dashed circle is used to identify the location of the nozzle tip. 
accommodate its passage through the heater to the printing nozzle. The wire which supplies the E-
jet voltage should be stripped about an inch and re-insulated with the kapton tape. This is because 
the temperature of the heater will exceed the melting point of the insulation, which can lead to a 
short between the heater and printing nozzle. The end of the E-jet voltage wire should be bent into 
a hook. After the E-jet voltage wire is slipped through the heater, the hook is slipped around the 
printing nozzle then pulled out slightly to ensure constant contact between the nozzle and E-jet 
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voltage wire. At the same time, the wire should not be pulled out so far as to force the nozzle into 
contact with the heater. Figure 3.9 gives a schematic of the description above. To ensure that the 
needle does not make contact with the heater, another piece of high temperature tape may be used 
just above the needle tip to pull the nozzle in the opposite direction of the E-jet voltage supply 
wire. This concept is seen in Figure 3.10. 
 
 
Figure 3.9 Schematic for how to supply the E-jet voltage to the printing nozzle. The wire 
with the E-jet voltage is hooked around the printing nozzle then pulled back to ensure it is 
always in contact with the nozzle, but not so far that the nozzle touches the heating coil. 
At this point, the adapter-barrel-needle-heater assembly can be attached to the E-jet linear 
stages and several chips of Field’s metal can be added to the syringe barrel. It is recommended to 
break the Field’s metal into chips or small cubes rather than an ingot to ensure that the metal will 
fit in the barrel and also to increase the surface area for expediated heating and melting of the 
eutectic. Back pressure is required in E-jet printing to overcome the capillary affect and keep the 
ink at the tip of the nozzle so that electric forces can pull the ink out. However, no pressure seals 
were found in the correct size or shape to be used with the Hamilton syringe barrels needed for the 
eutectic metal print. Instead, Blu-Tack (which can be found on Amazon) was used to make an air 
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seal. Figure 3.10 shows the entire system attached to the R2R linear stages. It should be noted that 
it is important that the nichrome wire not be permitted to touch any metal on the experimental 
system because this can lead to a short or strange and unexpected current flow. 
 
Figure 3.10 The entire adapted eutectic metal E-jet printing assembly. The green ‘Pull-
Back Tape’ is used to pull the nozzle in the opposite direction that the voltage supply wire 
pulls it, ensuring the nozzle stays centered in the nichrome heater. 
The paper which this work attempted to replicate, [12], did not identify the substrate that 
the ink was printed onto. However, in my experience, the voltages used in the paper (1000-2000 
V) can only be achieved when an insulating substrate, such as glass, is used if arcing is to be 
avoided. To modify that for a R2R system using kapton, a thin glass cover slide was taped on all 
sides to the printing base (identified in Figure 3.10) and the kapton permitted to slide over top of 
Pull-Back Tape 
Printing Base 
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it. Initial experiments demonstrate that this set up permits web movement without breaking the 
glass. Thus far, only voltages up to 1000 V have been applied, but no arcing has occurred. As such, 
the voltage can likely be increased further. 
3.4 Future Work 
The first time that a print was attempted, a miscalculation was made with the nichrome 
heater. A chart identifying the relationship between the current through nichrome wire and the 
temperature of that wire was used to determine the correct current to pass through the heating coil. 
However, that charts seem to be for straight wire in air. When the wire is wound as tight as it is 
for the above described syringe barrel heater, the temperature gets much hotter than the charts 
would indicate. As a result, the first syringe barrel used in this work was destroyed because the 
heater far exceeded the safe operating temperature for the barrel.  
At the time this thesis was written, further experiments could not be completed due to a 
backlog in purchasing replacement syringe barrels. The work described in this thesis should be 
attempted again using a thermocouple on the barrel heater to make sure that the temperature stays 
in an acceptable range. Although [12] has already demonstrated E-jet printing of Field’s metal, 
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Chapter 4     
Crystallized Polymer Film Printing 
4.1 Background 
4.1.1 Motivation 
Organic polymer films present many opportunities in the field of engineering. They are 
used to make organic electronic components, OLED displays, and cleaner, cheaper solar cells [3], 
[44]–[47]. Such devices have several advantages over traditional electronic devices, including their 
physical flexibility [46] and low manufacturing costs [48]–[50]. Organic photovoltaic cells are 
better for the environment, boasting an energy payback time (the time it takes a PV cell to produce 
the amount of energy it took to manufacture) of as short as 90 days (compared with 1-2 years for 
traditionally manufactured PV cells) [51]. OLED displays are driving the advancements in curved 
TV screens and bendable device monitors while exhibiting darker blacks and greater contrast than 
typical LCD screens. Organic electronical components, such as semiconductors and transistors, 
can be made cheaper and more physically robust than their silicon based counterparts [52]. 
For all of the apparent advantages to polymer film based electronics, they still face serious 
downfalls that must be overcome before they are competitive against traditional electronics. State 
of the art polymer film based photovoltaics exhibit PCE (power conversion efficiencies) of only 
3-9% [3], [48], [50], [53] compared to ~22% in state-of-the-art commercial solar cells. Most OLED 
devices require expensive manufacturing steps at high temperature or under a vacuum [46]. The 
properties of organic electronic components are highly influenced by the polymer structure and 
crystallinity [52], [54]. In fact, all organic electronic devices are influenced by their polymer 
structure and crystallinity. Solar panels exhibit as much as a 25% increase in efficiency when the 
polymer film layer is crystallized [3] and molecularly ordered films lead to organic semiconductors 
with higher electron mobilities [54]. 
Polymer crystallinity is the degree to which the chains in a polymer are elongated and 
aligned. For most organic electronics made using films, the polymer exists as a suspension in a 
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solution before manufacturing. The polymers are jumbled up in this suspension. Sometimes 
jumbled, highly interconnected polymer chains are beneficial to an application. For example, 
rubber gets its incredible toughness from bonds between adjacent polymer chains and elasticity 
from the ability of those jumbled chains to uncoil without breaking. For most electronic 
applications, however, a lack of crystallinity corresponds to reduced electron carrier mobility, 
degrading its performance as a semiconductor. 
4.1.2 Previous Work 
Several methods have been employed to increase polymer film crystallinity, including UV 
conjugation [44], thermal or solvent vapor annealing [55], or the use of nucleation agents [56]. 
However, these techniques can increase the domain size, which mitigates some of the advantages 
of crystallization [3]. A technique described by Y. Diao, et al. called FLUENCE manipulates fluid 
flow during film deposition to encourage elongation and alignment. The technique not only 
improved the efficiency of FLUENCE printed solar cells, it also drastically increased the 
reproducibility of the printed solar cells. There was a drastically reduced degree of variation in cell 
power conversion efficiency and output voltage [3]. This processing technique is the foundation 
upon which the work in this chapter was based. However, the technique described in [3] used a 
microstructure printing blade while the work in this chapter adapted the concept to a specially 
designed slot die head.  
Several techniques were mentioned above for improving crystallinity, but there are also 
several techniques to print polymer films. One of the most common techniques is spin coating 
because of its accessibility and affordability [48]. However, spin coating (and most of the other 
common film manufacturing techniques) are batch processes and cannot be performed 
continuously. For the work in this chapter, we developed two manufacturing techniques: a batch 
system to demonstrate proof of concept and a continuous process to demonstrate scalability. The 
batch process uses our specially designed slot die head to print onto a translating linear stage. The 
continuous process uses a roll-to-roll (R2R) system. Specifically, the R2R system built by E. 
Sutanto described in [43] was modified to accommodate the polymer film printing process outlined 
in the rest of this chapter. 
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4.1.3 FLUENCE 
The FLUENCE technique was essential to the work performed in this chapter, so at least a 
basic understanding of the process is important to the reader. In essence, the velocity and 
acceleration of a polymer suspension as it is deposited for film printing can be manipulated based 
on the geometry it flows through. As a fluid passes through passages, it is forced to accelerate or 
decelerate, as represented in Figure 4.1.  The extensional strain rate, 𝜀̇, is the acceleration in the 
direction of flow. The longest relaxation time of a polymer, 𝜏, is the amount of time it takes an 
elongated polymer to contract back upon itself. If 𝜏𝜀̇ >
1
2
, then a polymer chain is forced to 




Figure 4.1 Finite element simulation of flow through microstructures. Microstructures in a 
fluids path cause it to accelerate or decelerate as it flows through them. If the extensional 
strain rate is greater than 
𝝉
𝟐
 then the polymer chain will elongate. This image was taken 
from [3]. 
The concept of extensional strain leading to polymer coil elongation can be conceptualized 
fairly easily. If there is extensional strain, then there are successive regions of fluid flow where the 
velocity of the flow increases with each region. As the front of a chain enters these successive 
regions, it gets ‘pulled’ at a rate quicker than parts of the chain in slower regions. If the pulling 
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force is great enough, i.e. 𝜀̇ >
𝜏
2
, then the polymer will be elongated, as visualized in Figure 4.2, 
leading to polymer crystallization. 
 
 
Figure 4.2 Visualization of extensional strain leading to polymer chain elongation. 
This chapter takes the work performed in [3] developing a system to crystallize polymer 
films as they are being printed and expands on it by using a specially designed slot die head to 
manufacture continuously using a R2R system. 
4.2 Process Overview 
A microstructure slot die printing head was specially manufactured to induce the 
extensional flow described in [3]. COMSOL models capturing the flow through slot die heads with 
several different microstructure patterns were generated by a collaborator to determine which 
would yield the greatest extensional flow. It was discovered that asymmetric designs yielded the 
best extensional flow (as symmetric designs led to equivalent extensional and contractional flow 
regions, cancelling each other out). Figure 4.3 gives a schematic of the final microstructure array 
used. 
The slot die head was made by chemically etching the channels into a silicon wafer and 
sealed with glass. The flow is introduced to the slot die head via a small hole in the glass at the top 
of the wafer. A syringe pump is used to control the flow through the slot die head at a specific rate. 
Figure 4.4 shows the chip etched in a silicon wafer. 
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Figure 4.3 An array of trapezoidal microstructures was selected to induce the most 
extensional flow. This image was generated by J. Kwok, a collaborator on the research 
performed in this chapter. 
After the polymer flows through the microstructures to induce elongation, it flows through 
several skinny channels to induce polymer chain alignment. As long as the viscous shear 
overcomes the rotational inertia in the channels, the polymer chains will align parallel to the 
direction of flow.  Figure 4.5 shows the schematic of the entire print head. 
Printed polymer films can be deposited in two main regimes, evaporation and Landau-
Levich, as well as a short spectrum between the two [57]. In the evaporative regime, the polymer 
solvent is completely evaporated at the meniscus and only a solid film of polymer is left behind. 
In the Landau-Levich regime, the printing speed is great enough that viscous forces draw out a 
liquid film on the substrate which dries after printing [57]. For much of the work described in this 
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Figure 4.4 Chip used as the microstructure slot die head with glass cover mounted. 
 
 
Figure 4.5 Schematic of entire printing set up. The microstructure slot die head has two 
main components, a region with microstructures to induce elongation and an area with 
long channels to induce alignment. This image was generated by Y. Diao and J. Kwok. 
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Since the polymer was crystalized as it exited the slot die head, it was desired to ‘freeze’ 
the polymer in that configuration. If the polymer was printed in the Landau-Levich regime, the 
polymer would have time to recoil on itself before drying, eliminating the beneficial effects of the 
slot die head. As such, printing parameters need to be selected to ensure that the solvent completely 
evaporated in the meniscus while producing the correct film thickness and inducing sufficient 
crystallization in the printing head itself. Figure 4.6 gives a schematic of the printing process in 
the evaporative regime.  
The degree of crystallinity is a function of the geometry inside the microstructure slot die 
head, the temperature of the slot die head, the overall flow rate through it. The polymer film 
thickness is a function of the flow rate, printing speed (speed of the substrate relative to the slot 
die head), slot die head printing height, solute concentration, and substrate temperature. The 
printing regime is a function of the flow speed, printing speed, and substrate temperature. As such, 




Figure 4.6 Schematic of evaporative printing regime from a slot die head. The polymer is 
completely solid as it is deposited from the meniscus as the solvent completely evaporates. 
The two gray rectangles represent the slot die printing head. 
 
For the research performed herein, a collaborator performed several trial-and-error 
experiments to determine the ideal printing parameters to achieve the greatest crystallinity, 
including the best polymer-solvent ink. Unfortunately, the results are still inconclusive and further 
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experimentation needs to be performed to identify optimal conditions. However, there are some 
preliminary results that are discussed here. 
First, the reader must be familiarized with Crossed Polarizing Optical Microscopy, or 
CPOM. CPOM is an analysis technique that uses two polarized filters offset from eachother by 90 
degrees. A light beam, which is directed to shine through both filters, is completely blocked in this 
set up. A sample is placed between them. If the sample is birefringent, it will alter the direction of 
the light waves coming through the first filter and allow some of the light to pass through the 
second filter. A birefringent sample essentially acts like another polarized filter. For an in depth 
description of the optics at hand, the viewer is invited to read [58]. A schematic of the measuring 
system is shown in Figure 4.7.  
Birefringence is prominent in crystallized polymers, but not visible in non-crystallized 
polymers. Because of this, CPOM can be used as an indirect method to measure polymer 
crystallization. The greater the intensity of light which passes through the second filter, the greater 
the birefringence of the sample. It should be noted however that birefringence is not always strong 
in well crystallized polymers, so it is emphasized that this is merely an indirect measure of 
crystallinity. (Birefringence indicates crystallinity, but a lack of birefringence does not indicate a 
lack of crystallinity.) 
Three polymer-solvent combinations have been tested so far, P3HT in toluene, P3HT in 
chloroform, and DPP2T-TT in chloroform. So far, birefringence is observed using CPOM in the 
slot die printing head itself but is always weaker in the printed films. There could be two causes 
for this: either the printing head itself exhibits birefringence, and that is what is detected, or the 
polymer loses its crystallinity as it transitions out of the print head onto the substrate. If the latter 
is the case, then further process optimization is still required. 
Although film birefringence is still less than what is observed in the printing head, the 
greatest birefringence is observed for DPP2T-TT films (which are dissolved in chloroform before 
printing). The highest degree of birefringence occurs when the ink is pumped through the chip at 
a rate of 3 μL/min onto a substrate moving at a velocity between 200 and 500 μm/s. This still does 
not definitively mean that these parameters produce the greatest crystallization compared to the  
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Figure 4.7 Crossed Polarizing Optical Microscopy Schematic. The polarized filters are 
offset by 90°. The incoming light waves are a full spectrum, but is reduced to a single 
direction by the first filter. (a) Shows that without a birefringent sample, the light gets 
completely blocked by the second filter. (b) With a birefringent sample, the light waves are 
altered so that some component of light may pass through the second filter. Images taken 
from [59]. 
other parameters investigated so far, but it does indicate that crystallization is occurring using these 
printing parameters. 
4.3 Batch System 
The concept of printing through a slot die head with microstructures is, to our knowledge, 
novel. To test if the concept would actually work, an experimental system was built. The first 
system built was for batch processes and consisted of the microstructure slot die head positioned 
above a linear stage (Newport ILS100CC). The linear stage was controlled by an off-the-shelf 
controller (Newport EPS 301) with the polymer solution flow rate controlled by a syringe pump 
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(Chemyx Fusion 200). Two water circulators both cool and heat the base and printing chip. Figure 
4.8 shows the whole system (excluding the motor controller box). 
 
 
Figure 4.8 Batch process experimental system. The cameras are used for positioning the 
slot die head. 
Although my collaborator did most of the mechanical design for the batch system with 
some input where I could help, I was responsible for the LabVIEW code used to control the system. 
While the system temperatures could be set manually, coordination between the stage and pump 
is a necessity for high quality printing results. Figure 4.9 shows a GUI of the LabVIEW code used 
to control the batch system. The GUI was designed so that both subsystems, the syringe pump and 
linear stage, may be actuated independently (e.g. moving the stage back to a starting position 
without running the syringe pump after a print is complete) or actuated simultaneously. 
The syringe pump was controlled by communicating directly with the pump while the 
linear stage was controlled by communicating with the Newport EPS 301 controller. As both the 
syringe pump and EPS controller had internal feedback controllers for their respective systems, 
the LabVIEW code acted to send commands (reference signals) and receive feedback. The code 
follows a Producer-Consumer scheme, adding commands to a queue in the producer loop and  
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Figure 4.9 The GUI (Graphical User Interface) for the batch process polymer printing 
system. The syringe pump controls are on the left and stage controls on the right. Each can 
be controlled separately, or the parameters can be selected for each and the ‘Run’ button 
pressed so run both systems simultaneously. ‘Quit’ stops all current actions and exits the 
code. 
acting on them in the consumer loop. This ensures that no commands are lost. Signals were sent 
to each of the subsystem over USB using LabVIEW VISA serial blocks. The entire LabVIEW 
code can be found in Appendix A. It is important to note that in Figure 4.9 the ‘Run’ and ‘Start’ 
buttons use a switch mechanical action; they are clicked to run and unclicked to pause. 
4.4 Continuous (R2R) System 
4.4.1 Physical System 
The batch system was used as a proof of concept of the microstructure slot die printing 
chip and to iterate quickly through different printing parameters to find those that were most 
effective. The end goal for this project, however, was to port the printing scheme to a continuous 
platform. A roll-to-roll (R2R) scheme, using kapton (Dupont) film as the substrate, was selected 
as the continuous platform. R2R systems are very common in industry for continuous 
manufacturing. Dupont makes several different standard kapton products, an electrically 
insulative, flexible film withstanding up to 400 °C and 139 MPa in tension [60]. The thermal and 
electrical properties of Kapton make it ideal for polymer film printing applications, as it can 
withstand the temperatures used in the printing process and offer an electrically insulative base for 
the printed devices. 
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The R2R system used was retrofitted from that built by E. Sutanto, described in his doctoral 
dissertation [43]. The retrofit involved installing a new print head (the microstructure slot die 
head), a new printing base, moving a few components around on the breadboard mount, adding a 
stand for the syringe pump, and purchasing several new electronic components. Figure 4.10 shows 
the retrofitted R2R system. Table 4.1 lists the major new parts (nuts, bolts, etc. are excluded) for 
the retrofit. All custom made pieces for the retrofit were machined by the UIUC MechSE machine 
shop and CAD drawings for each can be found in Appendix B. 
 
 
Figure 4.10 The polymer film printing retrofitted roll-to-roll manufacturing system. The 
Printing Base Stack cannot be seen behind the linear stages, but a close up is given in 
Figure 4.12. 
It was desirable to design the R2R system to be compatible with a variety of polymer film 
solutes and the solvents they are suspended in, instead of optimizing the system to one polymer-
solvent system. This ensures the flexibility of the system to new processes in the future. As such, 
the printing base needed to be able to cool down to 0 °C and heat up to 200 °C. A peltier plate, 
which is essentially a solid-state heat pump, was selected to heat and cool the printing base because 
of their fast response time and relatively fine temperature control. Figure 4.11 shows a peltier plate. 
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Table 4.1. New components used to retrofit the R2R system. Any fields filled with ‘--‘ are 
unknown because the part was supplied by a collaborator. 






1 Copper block Onlinemetals.com C110 1 $22.28 $22.8 
2 Cartridge Heater ETS Equipment HS37-1.5 3 $27.50 $126.24 
3 90° Aluminum McMaster Carr 8982K72 1 $43.30 $43.30 
4 Cartridge Heater 
Power Supply 
Volteq HY12010EP 1 $349.95 $349.95 
5 Syringe Pump Chemyx -- 1 -- -- 
6 Peltier Plate Custom 
Thermoelectric 
-- 1 -- -- 
7 Thermocouple -- -- 2 -- -- 
8 Peltier Plate Power 
Supply 
Watlow -- 1 -- -- 
9 Printing Chip Made by 
collaborator 
-- 1 -- -- 
 
However, peltier plates, even the most aggressive, can only cover a temperature difference of about 
70 °C between its sides.  As such, the peltier cannot heat the printing base to 200 °C alone. 
To compensate for the peltier’s shortcomings, a heated copper block was used to get the 
temperature close to what was needed. The copper block was heated using three cartridge heaters 
inserted in custom drilled holes. Copper was selected for its superior thermal conductivity (386 
W/m-K) relative to other metals which makes it a great thermal spreader [61]. This property was 
desired so that the top of the copper block would have as uniform a temperature as possible, despite 
being heated by three separate cartridge heaters. The peltier is sandwhiched between the copper 
heating block and the printing base, as shown in Figure 4.12. 
Each cartridge heater can produce 100 W when driven at 120 V (R = 144 Ω). All three 
cartridge heaters were driven by a single power supply, since the same power output is desired 
from each cartridge heater at all times to ensure a uniform temperature on the surface of the copper 
block. The power supply (Volteq) can drive up to 120 V at 10 A. To achieve the maximum possible 
output for the cartridge heaters, they were connected in parallel to the power supply. (If the heaters 
were connected in series and the power supply were set to its maximum 120 V, each heater would  
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Figure 4.11 A peltier plate. When a voltage is applied across the leads, heat is pumped from 
one side to the other, making one surface cold and the other hot. If the voltage is flipped, 
the heating and cooling surfaces flip as well. 
only experience a drop of ~40 V. Connected in parallel, each heater sees a 120 V drop, achieving 
the maximum rated power for each heater, while drawing only 2.5 A from the heater, well beneath 
its limit.) 
The heater block essentially acts as a coarse temperature control and the peltier the fine 
temperature control. As such, the cartridge heater temperature is maintained in an open loop 
fashion, since fine temperature accuracy is not required of them. To calibrate, temperature profiles 
were generated for the center of the top of the heater block for several voltages applied to the 
heaters while the block is in ambient air. The experimental set up is shown in Figure 4.13. The 
calibration curves fit very well with an exponential curve. The fit can be used to illucidate the 
steady state temperature for voltages without running the calibration for a full 1.5 hours, the 
approximate amount of time required to reach a steady state temperature. The time constant of the 
fit can be used as a measure of how accurate the steady state temperature estimate is. The closer 
the time constant is to 23.43, the time constant for the only calibration run until true steady state 
was reached (48 V), the more accurate the steady state temperature prediction is. The calibration 
curves are given in Figure 4.14 with important values taken from the fits given in Table 4.2. It 
should also be noted that temperatures taken at different places on the top of the copper heater  
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Figure 4.12 Printing Base Stack. The printing stand raises the Kapton film to the print 
head and secures the heating structure to mechanical ground. The microstructure slot die 
chip is not in the print head in this picture. 
block all fell within ~3 °C of the center, indicating that the heating was sufficiently consistent 
across the surface. 
The purpose of the calibration curves were to determine an approximate voltage needed to 
get the copper block to a high enough temperature such that the peltier would have to drive the 
temperature up another ~30 °C. However, it was discovered that the copper heater in series with a 
peltier cannot be assumed to hold the constant temperature it achieved in ambient air. This is 
because the peltier acts as a heat pump and essentially cools the copper block as it heats the printing 
base above. The calibration curves can be used as a starting point, but working voltages for 
different printing base temperatures need to be determined experimentally. For a printing base at 






Copper Heater Block 
Peltier Plate 
Kapton Film 
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Figure 4.13 Set up for the temperature to voltage calibration for the copper heater block. 
The thermocouple is taped to the center of the block using high temperature adhesive. The 
square is a recess where the peltier plate sits. 
 
 
Figure 4.14 Temperature of the top surface of the copper heater block in time when various 
voltages were applied to the cartridge heaters. 
 
 55  
Table 4.2. Steady state values and time constants for the copper heater block surface 
temperature for various voltages applied to the cartridge heaters. The 110 V curve was 
only run for a few minutes, and so the steady state temperature cannot be trusted. 
Voltage (V) Steady State Temperature (°C) Time Constant (min) 
40 116 24.68 
48 158 23.43 
62.8 219 19.66 
110 306 6.67 
 
Because the time constants are so large, a temperature profile was taken when the cartridge 
heaters are driven at maximum voltage (110 V) for a few minutes. This was done to determine an 
approximate time when various temperatures are achieved when the heaters are driven at full 
power. When driving the heater block to a given temperature, the user should first drive the 
cartridge heaters at 110 V for approximately the amount of time it takes to reach that temperature 
in the 110 V condition. The voltage can then be dropped to that which has a steady state 
temperature value equivalent to the desired temperature. This greatly expediates the heating 
process. Figure 4.15 gives the 110 V curve. After 200 °C was achived, the voltage was dropped to 
40 V and the temperature traced for several minutes as it cooled down. The temperature profiles 
for each voltage the heaters were driven at (40 V, 48 V, 62.8 V, and 110 V) are given in Appendix 
C. 
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Figure 4.15 Temperature profile at the top of the copper heater block when the cartridge 
heaters are driven at 110 V until 200 °C is achieved, then dropped down to 40 V. 
4.4.2 LabVIEW Code 
The LabVIEW code used on the original R2R system, described in [43], was adapted to 
suit the needs of the polymer film printing system. This primarily involved changing the GUI and 
some of the code of the HostCombined code, captured in the new code called HostCombinedv2. 
Figure 4.16 below shows the segment of the GUI that was added to accommodate the ink infusion 
system (syringe pump). 
The changes to the R2R LabVIEW code reflect the syringe pump part of the code in the 
batch process but also include small augmentations to improve control over the webbing 
movement. The changes to the code can be found in Appendix A. Only the changes to the original 
R2R code have been included. For the entire code, please consult [43]. The code is contained in a 
new LabVIEW project titled Polymer Film. 
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Figure 4.16 GUI changes to the HostCombined code to make it compatible with the 
polymer film printing process. 
4.4.3 Experimental Work 
Once the R2R system was completely converted to the polymer film printing set up, a 
sacrificial solvent wet run was performed. The test run printed a solution of pen ink dissolved in 
isopropanol so that the printed “films” would be visible (in this case, there is no film, as the 
isopropanol completely evaporates, but the ink left behind gives an indication of the printing 
performance). The ink was not printed through the specialized slot die head for the test print, but 
rather directly from the syringe pump through tubing onto a kapton tape film, as in Figure 4.17. 
Ink was printed at several kapton film speeds for a variety of ink flow rates. Some of the 
prominent combinations are discussed in the following paragraphs. 
The slowest printing rate was 0.1 mm/s kapton film with a 30 μL/min flow rate. Figure 
4.18 shows the ink left behind by printing with these parameters. The printed line is extremely 
non-uniform. This is because of slip-stick friction. At such a slow speed, the kapton film gets stuck 
on the printing base for several seconds then jumps as it is pulled far enough to overcome friction. 
This happens at irregular time intervals for kapton film travelling at 0.1 mm/s, and is why the 
thickness of the line changes. 
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Figure 4.17 Syringe pump and tubing set up for preliminary wet run. Please note that in 
this image the kapton film is not beneath the tubing. The ink is a solution of pen ink in 
isopropanol. The ink was printed directly from a tube, rather than a slot die head, for the 
preliminary wet run.  
 
 
Figure 4.18 Printing results from a kapton film rate of 0.1 mm/s and a ink flow rate of 30 
μL/min. The dashed line indicates where the print ended, the tail is a result of the meniscus 
being pulled out when the print was done and the kapton film transitioned to a higher 
speed. The arrow indicates the webbing direction. 
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The next printing speed saw the kapton film moving at a rate of 1 mm/s with a 30 μL/min 
flow rate. Figure 4.19 shows the results of printing at this rate. The slip-stick friction is still visible, 
but the thickness is now uniform. This is because the slipping was much more regular in time for 
these printing conditions. 
 
 
Figure 4.19 Printing results from a kapton film rate of 1 mm/s and an ink flow rate of 30 
μL/min.  The dashed line indicates where the print ended and the arrow indicates the 
webbing direction. 
Printing at 10 mm/s with a flow rate of 30 μL/min yielded some of the best results. Figure 
4.20 shows the printed results. The ink is far fainter in this image, because it was drawn out much 
quicker, but there is no indication of the coffee rings visible on the other two samples from the 
slip-stick action. To make the line darker, a greater ink flow rate can be used. 
 
 
Figure 4.20 Printing results from a kapton film rate of 10 mm/s and an ink flow rate of 30 
μL/min. The ink residue is much fainter on this sample, but there is no indication of slip-
stick friction ruining the results. The splotch at the right is where the printing began and is 
a result of ink flowing out onto the kapton before the webbing began moving. 
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The previous three prints all printed in the evaporative regime. Another print was 
performed that yielded a film in the Landau-Levich regime, where a wet film is left beyond the 
meniscus and evaporates later. Figure 4.21 shows the screen capture of a video taken while printing 
at 100 mm/s with a flow rate of 100 μL/min. Unfortunately, the ink left behind was not sufficient 




Figure 4.21 Screen capture of a video of wet film deposition on kapton film for a film rate 
of 100 mm/s and flow rate of 100 μL/min. The wet film is very faint, but a dot-dash line is 
included overlapping part of the print to indicate its location. 
For each of the prints completed in the wet run, a printing base temperature of 52°C was 
used. Isopropanol has a relatively low boiling point at 82.6°C, and as such 52°C was sufficient to 
cause rapid evaporation. Because the temperature was so low, the cartridge heaters were not 
needed for this test run, the Peltier heater was sufficient. The peltier heater gets feedback from a 
thermocouple in the printing base (see Figure 4.12). Because of this, there was concern that there 
would be a significant difference in the temperature the peltier heater used as feedback and the 
actual temperature at the top of the kapton film. Luckily, that is not a major concern. The 
temperature at the top of the kapton film was approximately only 2°C lower than the temperature 
detected by the Peltier heater, even when the kapton tape is moving at high rates (10 mm/s). This 
is very fortunate, given that mass transport heat dissipation can be a significant disturbance to 
thermal control systems. The kapton must have a small enough thermal mass to affect the peltier 
negligibly. When the kapton is travelling at 10 mm/s, the surface temperature stays within 5% of 
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the temperature detected by the peltier plate for the six inches following being heated. These results 
were confirmed using a second thermocouple placed on the kapton at various locations relative to 
the printing location.  
4.4.4 Future Work 
There is still a large degree of work which needs to be accomplished on the roll-to-roll 
setup and the polymer print project in general. Right now, the greatest issue which must be 
addressed is the slip-stick friction behavior of the kapton film at low speeds. Most of the film 
printing will likely take place at low speeds, so addressing this is critical. A first step has been 
taken by lowering the printing base to make it more level with the kapton film. The printing base 
can be lowered more and the surrounding rolls raised so that the kapton just brushes on top of the 
printing base. This reduction in friction will help reduce slip-stick friction (see Figure 4.10). The 
surface of the aluminum printing base should also be coated with a low friction surface, such as 
Teflon, to reduce this friction further. 
The slip-stick behavior is not just a product of friction on the printing base however, the 
motors themselves exhibit some jerky movement when turning at low speeds. An advanced 
feedforward control technique should be applied to the motors to correct for this jerky behavior. 
A simple model inversion technique would probably be a sufficient starting point, such as looking 
at first principles and deriving the theoretical voltage for the desired behavior. The end goal, 
however, should be an iterative learning controller, a control technique that learns the disturbances 
of a repetitive system and corrects for them.  
Besides improving the film movement, there is still significant work to be done quantifying 
the printed film quality and finding the ideal printing parameters. Crystallinity is subject to all of 
the printing parameters, so it is important to optimize the whole process. This optimization should 
be performed for several different polymer films to increase the flexibility of the manufacturing 
systems. 
Less important improvements include optimizing the control system on the peltier plate to 
reduce warm up time and making a more compact and robust GUI/LabVIEW code for the R2R 
system. The changes to the LabVIEW code thus far have been made on the host computer code, 
but should really be ported over to one of the real time controllers (see [43] for an in depth 
description of the different controllers). Additionally, there is no computer control for any of the 
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thermal systems thus far, they are all performed by hand on dedicated controllers. It would be 
better to at least input reference temperatures on the computer GUI.  
Further down the line, the system is meant to be used to pattern polymer films. Significant 
coordination between all of the control systems will be crucial to successful patterning, which 
makes the improvements mentioned in the previous paragraph more critical. Controlled patterning 
of polymer films in a continuous fashion is the ultimate goal of this research project.  
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Chapter 5     
Conclusion and Future Work 
This chapter concludes this thesis and gives an overview of the work performed. The final 
section of this chapter discusses possible future work that may and/or should be pursued to improve 
or finalize the contributions outlined in the thesis. 
5.1 Thesis Summary 
The following provides a chapter-by-chapter summary of the work in this thesis. 
1. Chapter 1 begins the thesis with an overview of the importance of manufacturing. This 
overview includes a description of some of the technologies made possible by novel 
manufacturing techniques as well as historical anecdotes of the importance of 
manufacturing to economic health and national security. The first chapter concludes with 
a description of Electrohydrodynamic Jet and Slot Die printing, the two manufacturing 
techniques used in the work described by this thesis. 
2. Chapter 2 discusses a novel manufacturing technique (the E-jet printer) to produce 
chemical potential wells that drive analyte in a hydrogel to accumulate in certain regions. 
The use of the E-jet allows for patterning of these wells. At least with certain analyte/well 
combinations, E-jet is demonstrated to be superior to previous analyte collection 
techniques. 
3. Chapter 3 outlines a method to adapt an E-jet printing device to be print low melting point 
eutectic metals. Much of the work was performed to replicate the work completed in [12]. 
4. Chapter 4 describes a novel polymer film manufacturing technique using slot die printing 
with a specialized microstructure slot die head. The microstructures in the slot die head 
were designed to enduce crystallization in the polymer film as it was printed. Two 
manufacturing set ups were created, a batch process to test printing parameters for optimal 
crystallinity and a roll-to-roll process for continuous manufacturing. 
5. Chapter 5 gives an outline and discussion of the work performed for the thesis. 
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5.2 Contributions and Conclusion 
The E-jet printed chemical gradients improved significantly upon the work that preceded 
it. The chemical gradient method of analyte concentration is essentially an internally driven (i.e. 
no external force such as pressure tubing of magnetic fields) microfluidic technique. Chemical 
gradients have been generated in hydrogels before using pipettes, but these were limited in their 
concentration enhancement (the degree to which analyte concentrates within the desired area) and 
spatial placement.  
E-jet printed chemical potential wells demonstrated a concentration enhancement of ~50, 
more than 3 times greater than what has been demonstrated with pipette generated wells. 
Furthermore, patterning was demonstrated with the E-jet technique, something that could not be 
performed with pipettes. The patterning revealed that wells may be placed fairly close (~300 μm 
spacing center-to-center of ~200 μm diameter wells) without interfering with eachother. This is a 
promising quality for microfluidic applications. Furthermore, this work is the first time, to the 
writer’s knowledge, that the chemical gradient approach of analyte collection has been applied to 
something more significant than a toy example. The demonstrated focusing of organophosphates 
using a cyclodextrin well has significant implications in early toxin detection and may someday 
save lives. 
Although this thesis did not present any novel results related to E-jet printing, important 
knowledge was shared related to the pursuit of a system that may successfully print eutectic metals. 
Unsuccessful methods used to print eutectic metals were described so that mistakes are not 
repeated. Additionally, a system to print metal eutectics successfully, developed through trial and 
error, was outlined so that future researchers have a starting point when printing eutectic metals. 
Two test stands were either built or adapted to print crystallized polymer films. Several 
works have demonstrated the advanced properties of crystallized polymer films, but to our 
knowledge no system has been developed specifically to print these films in a continuous fashion 
or by using a slot die print head. LabVIEW code was developed to interface with a batch process 
system so that the efficacy of this slot die printing head could be tested and optimized. That batch 
system has successfully printed crystallized films, to our knowledge the first time this has been 
achieved in slot die printing. A roll-to-roll system was adapted from a previous application to print 
crystallized polymer films. Although the R2R system is still under development, successful and 
smooth printing with controllable evaporation regimes has been demonstrated. This system will 
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be used to print organic electronics with tunable parameters based on the polymer film 
crystallinity. 
5.3 Future Work 
Future work has been discussed in each of the chapters of this thesis, but the main points 
are reiterated here.  
For the chemical gradient project, there are a few questions regarding possible saturation. 
First of all, for the proof of concept analyte-well system, the E-jet printed wells exhibit a much 
greater degree of analyte accumulation even though the chemical well was functionalized to a far 
smaller degree than their pipette printed cousins. It is possible that only a small degree of 
functionalization is required to act as an effective accumulator. If the E-jet wells surpass this 
threshold, it is possible that both the pipette and E-jet wells accumulate the same amount of analyte, 
but it is just concentrated in a far smaller area with the E-jet printed wells. Further work should be 
performed to confirm or deny this functionalization threshold and quantify it if it does exist. 
Secondly, the cyclodextrin E-jet wells did not exhibit a concentration enhancement of 
organophosphate greater than that of pipette printed wells. However, the organophosphate solution 
sprayed onto the cyclodextrin samples was at a concentration much higher than that sprayed onto 
the proof of concept experiment. It is possible that both wells are merely being overloaded with 
analyte and both are exhibiting near complete accumulation. Experiments should be run with 
smaller and smaller concentrations of the organophosphate to determine whether or not the E-jet 
samples do accumulate better at low concentrations. This should be done regardless to determine 
a limit of detection for the cyclodextrin-organophosphate system. 
Unrelated to the concept of saturation, the E-jet chemical gradients should be used with 
two different well-analyte systems on the same hydrogel. To demonstrate that this unique form of 
microfluidics can be used for true Lab-on-a-Chip devices, it must be able to work with multiple 
analytes at the same time, moving each individually to where they must be on the chip. 
The work in this thesis regarding metal eutectics could not be tested experimentally 
because of time constraints and a backlogged supply purchasing process. A potential process to 
print metal eutectics has been outlined and it should be used to attempt to replicate the results 
found in [12]. Furthermore, those results should be expanded using R2R capabilities to 
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demonstrate continuous eutectic metal printing. Demonstrating this ability would imply that E-jet 
printing can be used to mass manufacture flexible electronic devices while generating no waste. 
The polymer film project is still fairly nascent, and several improvements must be made. 
The most important improvement is reducing or eliminating the slip-stick friction of the kapton 
film at low speeds. The jerky movement drastically reduces printing quality. This problem should 
first be addressed by arranging the R2R mechanism and using low friction coatings to drop the 
friction force between the aluminum printing base and kapton film as much as possible. This may 
also be a great opportunity to apply iterative learning control (ILC). ILC can be used to learn the 
repetitive errors that occur in slow printing and act in a feedforward manner to prevent them. 
Besides improving the film movement, much more work must be completed quantifying 
the printed film quality and finding the ideal printing parameters for different polymer film-solvent 
systems. Crystallinity is subject to all of the printing parameters, so it is important to optimize the 
whole process. This optimization should be performed for several different polymer films to 
increase the flexibility of the manufacturing systems. 
Less important improvements include optimizing the control system on the Peltier plate to 
reduce warm up time and making a more compact and robust GUI/LabVIEW code for the R2R 
system. Although these improvements are not critical in the short term, they will likely be 
necessary in order to take the next big step in this process. Controlled patterning of polymer films 
in a continuous fashion is the ultimate goal of this research project. Patterning requires careful 
coordination of every system in time, so a robust code is critical. 
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 Appendix A: LabVIEW Code for Polymer Print 
Systems 
A.1 Batch Process Code 
 
Figure A.1 GUI for the Batch Process Polymer Print System. 
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Figure A.2 Top Level of the entire Code 
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Figure A.3 Initialization 
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Figure A.4 Producer Loop 
 
Figure A.5 Producer Loop Error Case 
 
Figure A.6 Producer Loop Run Event Change, Run System 
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Figure A.7 Producer Loop Run Event Change, Pause System 
 
Figure A.8 Producer Loop End Program Event Change 
 
Figure A.9 Producer Loop Pump Value Change, High Priority 
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Figure A.10 Producer Loop Pump Value Change, Normal Priority 
 
Figure A.11 Producer Loop Stage Value Change, Unit Change 
 
Figure A.12 Producer Loop Stage Value Change, Normal Change 
 79  
 
Figure A.13 Pump Consumer Loop 
 
Figure A.14 Pump Consumer Loop Error Case 
 
Figure A.15 Pump Consumer Loop, Unit Change Case 
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Figure A.16 Pump Consumer Loop, Value Change Case, Emergency Stop 
 
Figure A.17 Pump Consumer Loop, Value Change Case, Normal 
 
Figure A.18 Pump Consumer Loop, Run Change Case, Run Clicked 
 81  
 
Figure A.19 Pump Consumer Loop, Run Change Case, Run Unclicked 
 
Figure A.20 Pump Consumer Loop, Shutdown Case 
 
Figure A.21 Stage Consumer Loop 
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Figure A.22 Stage Consumer Loop, Error Case 
 
Figure A.23 Stage Consumer Loop, Unit Change Case 
 
Figure A.24 Stage Consumer Loop, Value Change Case, Set Zero Position 
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Figure A.25 Stage Consumer Loop, Value Change Case, Normal 
 
Figure A.26 Stage Consumer Loop, Read (Stage Position Feedback) Case, Normal 
 
Figure A.27 Stage Consumer Loop, Read Case, Read Rate Faster than Stage Push Rate 
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Figure A.28 Stage Consumer Loop, Run Change Case, Run Clicked 
 
Figure A.29 Stage Consumer Loop, Run Change Case, Run Unclicked 
 
Figure A.30 Stage Consumer Loop, Shutdown Case 
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Figure A.31 Shutdown 
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Figure A.32 Initial SubVI 
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Figure A.33 Pump String SubVI 
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Figure A.34 Stage String SubVI 
 
Figure A.35 Arg Parser SubVI 
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Figure A.36 Update Stage Units SubVI 
 
A.2 Roll-to-roll Process Code 
Not all the code changes have been included here if they are equivalent to the code from 
the batch process. Code beings on the following page. 
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Figure A.37 Entire GUI for the R2R Polymer Film System 
 91  
 
Figure A.38 New case in HostCombined Producer Loop for a Pump value change (value 
change of anything in the Pump box on the GUI). In the case that the equality is false, a 
command of start, stop, or pause is given. This is sent to the front of the queue to ensure 
that it is acted upon immediately. 
 
Figure A.39 New case in HostCombined Producer Loop for a Pump value change, for a 
normal command. 
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Figure A.40 New case in HostCombined Producer Loop for a Run value change. 
Essentially, this works by signaling the code to behave as if the pump and webbing are 
commanded to move at the same time. 
 
Figure A.41 A bit of code is added to the shutdown case in the Producer Loop of 
HostCombined to shut down the pump appropriately. 
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Figure A.42 Code changes to the HostCombined Consumer Loop which sends commands 
to the R2R controller. A case structure is added to “turn off” web control and a delay is 
added to give more control over timing. 
 
Figure A.43 Code changes to the HostCombined Consumer Loop which sends commands 
to the R2R controller. If Web Movement is false, no command is sent. 
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Figure A.44 New loop for controller the syringe pump added to HostCombined. In the 
default case, no command is being sent. 
 
Figure A.45 Unit Change case in syringe pump control loop. 
 
Figure A.46 Value Change case in syringe pump control loop. The ‘pause’ writing case on 
the right is because of a hardware glitch that forces the syringe pump to automatically run 
whenever the rate is changed. Sending a pause immediately after changing the rate stops 
the pump. 
 95  
Appendix B: Part Drawings for Polymer Print R2R 
Adaptation 
 
Drawings begin on the next page. 
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Figure B.1 Drawing for the base of the printing stand. 
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Figure B.2 Drawing for the middle of the printing stand. 
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Figure B.3 Drawing for the top of the printing stand. 
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Figure B.4 Exploded view of the printing stand. 
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Figure B.5 Copper block which holds three cartridge heaters. 
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Figure B.6 Base over which the Kapton slides. 
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Figure B.7 Exploded view of the entire printing base. 
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Figure B.8 Custom made stand for the syringe pump. 
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Appendix C: Copper Block Heating Data 
Table C.1. Temperature profile for the center-top of the copper heating block when each of 
the three cartridge heaters are driven at 40 V. (Starting temperature of 21.6°C) 
Time (min) Temp. (°C) Time (min) Temp. (°C) Time (min) Temp. (°C) 
0.5 19.0 19 73.7 44 99.2 
1 22.0 20 74.8 45 99.6 
1.5 24.8 21 76.5 46 101.0 
2 27.4 22 78 47 101.0 
2.5 30.1 23 78.9 48 102.0 
3 32.5 24 80.4 49 102.6 
3.5 34.9 25 81.8 50 103.4 
4 37.1 26 82.6 51 103.3 
4.5 39 27 84.0 52 104.0 
5 40.8 28 84.6 53 104.7 
6 44.4 29 86.3 54 106.1 
7 47.5 30 87.0 55 105.8 
8 50.5 31 88.6 56 105.9 
9 53.0 32 88.7 57 106.9 
10 55.5 33 89.8 58 107.1 
11 58.1 34 91.3 59 107.4 
12 60.4 35 91.5 60 108.1 
13 62.5 36 93.2 65 110.2 
14 64.3 37 94.0 70 112.1 
15 66.9 38 94.7 75 113.6 
16 98.4 41 97.3 80 114.6 
17 70.1 42 97.7 85 116.1 
18 71.8 43 98.6 90 117.0 
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Table C.2. Temperature profile for the center-top of the copper heating block when each of 
the three cartridge heaters are driven at 48 V. (Starting temperature of 21.6°C) 
Time (min) Temp. (°C) Time (min) Temp. (°C) Time (min) Temp. (°C) 
0.5 24.3 21 104.0 46 138.4 
1 26.8 22 106.2 47 139.0 
1.5 31.0 23 108.0 48 139.7 
2 34.8 24 110.4 49 140.5 
2.5 38.6 25 112.0 50 141.3 
3 41.9 26 113.9 51 142.3 
3.5 45.2 27 116.0 52 143.0 
4 48.2 28 117.3 53 144.0 
4.5 50.8 29 119.0 54 143.7 
5 53.5 30 120.0 55 145.2 
6 58.7 31 121.9 56 145.6 
7 63.2 32 123.2 57 145.8 
8 67.5 33 125.1 58 147.6 
9 71.4 34 125.6 59 148.2 
10 75.3 35 127.9 60 148.0 
11 79.0 36 128.3 65 149.9 
12 82.1 37 129.2 70 152.2 
13 85.4 38 131.0 75 152.6 
14 88.0 39 132.2 80 154.6 
15 90.5 40 133.1 85 157.0 
16 92.7 41 134.0 90 156.5 
17 95.3 42 134.3 100 157.5 
18 98.3 43 135.3 110 159.4 
19 100.0 44 136.8 120 160.4 
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Table C.3. Temperature profile for the center-top of the copper heating block when each of 
the three cartridge heaters are driven at 62.8 V. (Starting temperature of 21.6°C) 
Time (min) Temp. (°C) Time (min) Temp. (°C) Time (min) Temp. (°C) 
0.5 22.2 10 105.0 28 171.0 
1 29.2 11 110.5 30 173.4 
1.5 36.0 12 116.0 32 177.0 
2 41.1 13 120.7 34 183.5 
2.5 47.8 14 124.4 36 184.0 
3 53.2 15 128.7 38 190.6 
3.5 58.0 16 133.5 40 191.0 
4 62.8 17 136.3 45 197.9 
4.5 66.9 18 140.5 50 205 
5 70.9 19 142.8 55 208 
6 79.4 20 146.0 60 215 
7 86.0 22 152.9 63 216 
8 93.0 24 158.8   
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Table C.4. Temperature profile for the center-top of the copper heating block when each of 
the three cartridge heaters are driven at 110 V until the 6:45 mark and then dropped down 
to 40 V. The thick bottom border indicates where the voltage shifted. This run was 
essentially performed to see (1) how quickly the temperature can get to any point between 0 
and 200°C and (2) if the temperature would overshoot if the voltage was suddenly dropped 
(it does not). (Starting temperature of 28.6°C). When heating up to a temperature between 
0 and 200°C, the user should first heat using 110V for the amount of time required to 
achieve the desired temperature and then drop down to the voltage corresponding to the 
correct temperature. 
Time (min) Temp. (°C) Time (min) Temp. (°C) Time (min) Temp. (°C) 
1 64.7 11 169.9 21 141.5 
2 100.2 12 163.0 22 141.9 
3 129.2 13 161.1 23 140.5 
4 153.2 14 156.6 24 138.6 
5 175.2 15 153.0 25 140.2 
6 194.0 16 150.5 26 139.0 
7 208 17 147.0 27 137.7 
8 198.0 18 146.8 28 140.2 
9 187.0 19 148.8 29 136.8 
10 178.6 20 142.1   
 
 
